Functional characteristics, comprising enhance-mode linear amplification performance and N-shaped negative-differential resistance phenomenon, have been observed in an inverted ␦-doped
Heterostructure field-effect transistors ͑HFETs͒ have been extensively studied to provide either ͑1͒ the linear amplification characteristics, 1-3 including high speed, high power gain, high breakdown voltage, and improved current drive capability, or ͑2͒ the negative differential resistance ͑NDR͒ characteristics, [4] [5] [6] including pronounced peak-tovalley current ratio ͑PVCR͒ performance useful for the microwave oscillator circuit applications. Since superior power drive capability at high-speed operation regime necessitates device designs of high two-dimensional electron gas ͑2DEG͒ concentration, high electron velocity channel compounds, and high barrier Schottky compounds. On the other hand, pronounced N-shaped NDR phenomenon is generally due to the modulation of carrier concentration-velocity product initiated from the intervalley transfer 7 or the tunneling realspace transfer 8 ͑TRST͒ from a higher speed conduction path to a lower speed channel. Therefore, different device epitaxial structures have usually been investigated to realize their respective applications. This letter reports the functional device characteristics, possessing both superior linear amplification performance and NDR characteristics with high PVCR values upon the same device structure, by employing the asymmetrically annealed source/drain ohmic junctions to establish the carrier transport channel. The proposed device structure is promising to provide multiple and functional applications for either the power amplifier or the oscillator circuit technologies.
As indicated in Fig. 1 gas ͑90% N 2 and 10% H 2 ͒ then, subsequently defined and deposited the source electrode and annealed the entire sample for another 2.2 min. Thus, a shallow ohmic source contact while preserving a deep ohmic drain contact can be realized, as shown in Fig. 1 . Two carrier transport channels, including the In 0.75 Ga 0.25 As main channel and the ␦-doped InP well, separated by the undoped InP spacer, can also be observed in Fig. 1 . Electrons, ionized and away from their parent donors, were confined and transported at high saturation velocity along the In 0.75 Ga 0.25 As channel due to the significant reduction of the ionized-impurity scattering mechanism, whereas a much slower transport path existed for those carriers remained within the ␦-doped InP triangular well.
Figure 2 calculated
9 the potential and barrier lowering as a function of the electric field across the InP discontinuities, as indicated in the inset. The onset of the off-state DIBL phenomenon can be defined as the potential barrier is equal to the thermal voltage, 25.9 meV, at 300 K. As shown in Fig.  2 , this corresponds to a threshold electric field of 4.39 MV/ cm and a required equivalent potential drop of 1.75 V, respectively, across the In 0.53 Ga 0.47 As/ InP discontinuities ͑⌬E c Х 0.25 eV͒. The drain bias for the asymmetric deep source/shallow drain ohmic junctions configuration guarantees the required potential difference. Consequently, electrons, emitting from source terminal, either transport through InGaAs main channel or through the ␦-doped InP well will all be collected by the shallow drain terminal due to the drain-induced barrier lowering 9 ͑DIBL͒ phenomenon. Two transport channels were established in parallel conduction and the device characteristics were dominated by the high-speed and high 2DEG concentration In 0.75 Ga 0.25 As main channel. Figure 3 shows the current-voltage characteristics at 300 K for the studied device with the asymmetric deep source/shallow drain ohmic junctions with gate dimensions of 1.2ϫ 125 m 2 . Good saturation, pinchoff and distinguished enhancement-mode 10 characteristics at 300 K, including maximum extrinsic transconductance of 268 mS/ mm and saturation drain current density of 210 mA/ mm at V DS = 6 V, respectively, have been achieved due to the improved carrier confinement and transport performance by using the high In composition composite channel and the high barrier height ͑Ͼ0.73 eV͒ In 0.34 Al 0.66 As 0.85 Sb 0.15 Schottky layer. Superior two-terminal breakdown voltage of up to 40 V, and three-terminal threshold-state ͑on-state͒ breakdown voltage of 31 V ͑18 V͒ at 300 K, respectively, have also been observed.
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In addition, the pronounced N-shaped NDR characteristics, as shown in Fig. 4 , in the same device with the asymmetric shallow source/deep drain ohmic junctions, simply by switching the electrical connection between source and drain terminals, have demonstrated high PVCR values of 6.1 with the peak/valley current densities of 97.6 and 16 mA/ mm at 300 K, respectively. Electrons within the low-field and shallow source regime were difficult to be injected into the ␦-doped InP layer due to large conduction offset within In 0.53 Ga 0.47 As/ InP heterojunction ͑⌬E c Х 0.25 eV͒ before the real-space transfer ͑RST͒ occurs. The conduction carriers are well confined within the In 0.75 Ga 0.25 As well at low fields and the drain current increases with the drain bias monotonously. As the electric field increases with external bias, significant electron temperature gradient were established between the In 0.75 Ga 0.25 As channel and ␦-doped InP triangular well. The heated electrons will greatly decrease the required threshold field to initiate their RST into the ␦-doped InP well due to barrier lowering, as compared to that of the shallow drain configuration. Therefore, the significantly decreased current density through carrier concentration modulation results in the observed N-shaped NDR phenomenon. In addition, the turn-on voltage, V NDR , of the NDR mechanism has also been observed to increase with the applied gate bias. Since the increased gate voltage will attract more carriers into the In 0.75 Ga 0.25 As channel, the effective carrier mobility will be greatly decreased due to the carrier-carrier scattering mechanism. Thus, higher V NDR bias is needed to initiate the NDR phenomenon.
In conclusion, we have proposed an inverted ␦-doped
In 0.34 Al 0.66 As 0.85 Sb 0.15 /In 0.75 Ga 0.25 As/ InP HEMT with functional linear amplification and microwave NDR characteristics by employing the asymmetric source/drain terminal configuration on the same epitaxial device structure. The electric field aspects of the asymmetry in the contacts have also been investigated. This work possesses a promising potential for multiple and functional applications for millimeter-wave integrated circuit ͑MMIC͒ technologies. 12, 13 This work was sponsored by the National Science Council, Republic of China under Contract No. NSC 93-2215-E-035-005. 
